Abstract: Electric field mapping is commonly used to identify irregular conduction pathways in the heart (e.g., arrhythmia) and brain (e.g., epilepsy). A new technique, ultrasound current source density imaging (UCSDI) based on the acoustoelectric (AE) effect, provides an alternative method for current activity mapping in four-dimension with high resolution. The ultrasound transducer frequency and pulse shape significantly affect the sensitivity and spatial resolution of UCSDI. In this paper, we analyze the tradeoff between spatial resolution and sensitivity in UCSDI from two aspects: (1) ultrasound transducer frequency and (2) coded excitation pulses. For frequency dependence, we imaged an electric dipole using ultrasound transducers with different center frequencies (1 MHz and 2.25 MHz) and compared the sensitivity and resolution. For coded excitation, we measured AE signals with chirp excitation at 1 MHz and demonstrated improved sensitivity for chirps (3.5 µV/mA at 1 MHz) compared with square pulse excitation (1.6 µV/mA). Pulse compression was also applied to preserve spatial resolution, demonstrating enhanced detection while preserving spatial resolution.
I. INTRODUCTION AND THEORY
Epilepsy and cardiac arrhythmia are serious health problems affecting millions of patients around the world. When drug therapy is ineffective, resynchronization or ablation therapy are common treatments to treat cardiac arrhythmias and neurological disorders [1] . To succeed at these interventional surgeries, accurate and rapid imaging the electric current activities is critical to localize the abnormalities and guide therapy. Conventional mapping techniques are generally invasive and require a large number of electrodes to reconstruct the current field distribution [2] [3] [4] . To overcome these limitations, we have developed ultrasound current source density imaging (UCSDI) [5] [6] [7] [8] [9] , which potentially facilitates electrical imaging procedures and improves spatial resolution. One important advantage of this technique is that as few as a single recording electrode is able to map a four dimensional (space + time) current density distribution [9] at ultrasound spatial resolution. In terms of sensitivity, previous studies have demonstrated that UCSDI is sufficiently sensitive (~0.1mA/cm 2 ) to map cardiac electrical conduction [8] .
The principle of UCSDI is based on the AE effect, which is modulation of electric resistivity by acoustic pressure [10] . When a focused ultrasound beam intersects a current field, a high frequency AE voltage signal is generated [5] [6] [7] . For a given ultrasound beam with axial position at (x 1 , y 1 ) propagating through a current field J I along z direction, the AE signal at time t is given by [5] :
with interaction constant K I , a fundamental material property [11] , resistivity ρ, pulse pressure amplitude P 0 . J L is the lead field for the selected recoding electrodes [5] , b(x, y, z) is the ultrasound beam pattern, c is the speed of sound, and a(t-z/c) is the ultrasound pulse waveform. From Eq. (1), one can intuitively predict that the spatial resolution and AE signal sensitivity depend on the ultrasound beam pattern, frequency, and pressure amplitude. For a given current source distribution and fixed recording electrodes, an ultrasound beam with a smaller beam size (higher frequency) provides better detail at the cost of a smaller integral region. On the other hand, when the current field is confined within one wavelength of the ultrasound beam, the integral in Eq.
(1) has minimal cancellation effect and produces a detectable AE signal. This emphasizes the inherent tradeoff between detection sensitivity and spatial resolution. Besides the frequency of the ultrasound transducer, pulse shape is another parameter to be optimized for pursuit of a high signal-to-noise ratio (SNR) for UCSDI. Transducer with unipolar pulses has been proposed to minimize cancellation of the convolution between the ultrasound beam and current density distribution [12] [13] . Coded pulse waveforms, such as chirp pulses, has also been implemented to improve SNR in ultrasonic and radar imaging systems for decades [14] [15] . Waveforms that extend the time-bandwidth product of the ultrasound beam without sacrificing spatial resolution can improve the SNR by more than 15 dB [16] [17] . In UCSDI, one can also be inspired to use coded pulses to improve sensitivity without sacrificing spatial resolution. There are three key advantages for implementing coded pulse waveforms for imaging [17] : 1) improved SNR at equivalent peak acoustic pressures; 2) deeper penetration with enhanced SNR [14] ; and 3) increased frame rate compared to long pulses. Electrical heart mapping based on UCSDI would especially benefit from these advantages. High SNR not only allows identifying structures at a greater depth, but also 
ion is [16] ) (t (3) ets results in a of this pulse is here K is timethe AE signal sducer with an to produce the paper, we studquency and (2) We can clearly visualize from Fig. 2 that the high frequency transducer has better spatial resolution. The FWHM of the positive peak for 1.0 MHz transducer was 4.4mm (in lateral) and 5.3mm (in axial), whereas FWHM of the 2.25MHz is 2.2 mm in lateral and 1.3 mm in axial. The simulation results, which were consistent with the experimental results, further confirmed the frequency dependence and tradeoff of resolution and sensitivity.
With coded excitation pulses, we also used the same transducers to produce AE signals at different injected current levels. The chirp pulse and ultrasound transmit waveform measured using the hydrophone are plot in Fig. 3(A) . For comparison, a square pulse excitation was also used for AE signal under the same experimental conditions to serve as a comparable reference. Fig. 3 (B) depicts the experimental measurement of AE signal. The waveforms in blue and red represent the measured AE signal before and after pulse compression, respectively. The amplitude of the compressed signal was normalized to the original signal. We can visualize from Fig. 3 that (1) the compressed signal has a smaller pulse width than the uncompressed one; (2) this compression process suppresses the noise level by a factor of 4 and consequently improves the SNR by 12 dB. To compare sensitivity and resolution between chirp pulses and short square pulses, we measured the peak AE amplitude and calculated the FWHM value for each excitation and current injection scenario. The results for the 1 MHz transducer are displayed in Fig. 4 . From Fig. 4 (A), we observe that the AE signal amplitudes using the chirp pulse (shown in Fig. 3A ) is twice as large (6 dB) as that using the square pulse, but the spatial resolution is much worse than that of square pulses before pulse compression. The average FWHMs for square pulses and precompressed chirp pulses are 4.3mm and 6.0mm, respectively. Pulse compression reduced the average FWHM to 4.4mm, which is similar to the square pulse. The same experiment was conducted with a 2.25MHz transducer. The results, depicted in in Fig. 5 , also indicated the chirp pulse yields a stronger AE signal than the square pulse. Pulse compression is also able to retain the spatial resolution of chirp excitation such that it is similar to square excitation. IV. DISCUSSION AND CONCLUSION In this paper, we studied the sensitivity and resolution of UCSDI from two aspects: (1) the center frequency of the ultrasound transducer and (2) the excitation pulse. We demonstrated the tradeoff between detection sensitivity and spatial resolution using transducers with different center frequencies. For the electric dipole experiment, the 1.0 MHz transducer produced a peak amplitude AE signal of 182µV, whereas the 2.25MHz transducer produced only 61µV. However, the higher frequency transducer had a much better spatial resolution, revealing more details of the current density distribution. For coded excitation, we detected the AE signal at 3.47 µV/mA using the 1.0MHz transducer and chirp excitation. Sensitivity was twice that of square excitation. Pulse compression was proven to be effective for preserving the spatial resolution for coded excitation. The results illustrate that ultrasound frequency and beam shape significantly affect UCSDI resolution and sensitivity. Choice of the ultrasound parameters can fulfill different requirements for imaging current flow in the heart and brain. Further control of the ultrasound pulse shape will optimize sensitivity and facilitate translation of UCSDI to the clinic for the diagnosis and treatment of arrhythmia and epilepsy.
